Summary. Six aftershock sequences in Iran and Turkey are relocated using existing teleseismic data. Two of these are in the Zagros mountains where local fieldwork has failed to detect subcrustal seismicity but published teleseismic locations show depths greater than 100 km. All apparently deep events are shown to be small and badly recorded with poor depth resolution. There is thus no evidence for active lithospheric subduction in the Zagros.
Summary. Six aftershock sequences in Iran and Turkey are relocated using existing teleseismic data. Two of these are in the Zagros mountains where local fieldwork has failed to detect subcrustal seismicity but published teleseismic locations show depths greater than 100 km. All apparently deep events are shown to be small and badly recorded with poor depth resolution. There is thus no evidence for active lithospheric subduction in the Zagros.
Relocations of other sequences in Iran and Turkey are used with fault plane solutions, satellite photographs and surface faulting to provide new insight on the geometry of faulting and crustal deformation of those regions. Linear seismic trends from these sequences are shown to cut older geological structures and do not always bear a simple relation to surface faulting. In such cases aftershock activity may be on primary buried faults whose behaviour is not simply revealed in surface structure and deformation.
A linearized inversion scheme is used t o investigate the trade-off between resolution and uncertainty in the hypocentral parameters. The ultimate resolution of teleseismic locations is shown to be limited by the quality of arrival time data.
1 Introduction This paper is mainly concerned with the information on crustal deformation which can be seen in teleseismic relocations of aftershock sequences. A master event technique is used and care is taken to exclude bad data as well as data for which the technique is not valid.
The study was started as part of an investigation into the depth of seismicity in Iran and the eastern Mediterranean. Beneath the Zagros mountains in particular, a few earthquakes have been located at intermediate depths (Nowroozi 1972 and USCCS) thereby encouraging speculation that the Zagros Front is an active subduction zone complete with a downgoing slab (e.g. Bird, Toksoz & Sleep 1975) . Such a slab, if its exists, is presumably a relic of oceanic lithosphere and obviously important in understanding the tectonic evdution of the Zagros ranges. However, poor station distribution and ignorance of regional velocity structure in this area greatly restrict the accuracy with which hypocentral parameters, particularly depth, can be determined. Recent fieldwork (Niazi et al. 1978) in the northwest Zagros found activity extending no deeper than 20 km in a fault zone within which Nowroozi (1972) relocated events deeper than 100 km. These apparently subcrustal events being on the north-east boundary of the mountain range naturally nourish the suspicion of a north-east dipping slab, illustrating the caution necessary in interpreting models based on this assumption. However, no reliable pP phases have been reported for these earthquakes and Fig. 1 shows that the deeper focal depths reported for this region invariably pertain to the smaller magnitude and poorly recorded events. Further fieldwork in the southern Zagros (Savage, Alt & Mohajer-Ashari 1977 ; Von Dollen er al. 1977) also found no seismicity deeper than 20 km.
Our initial objective was to show that published evidence for intermediate depth and subcrustal seismicity in the Middle East is weak and probably unfounded. The approach used was to select groups of the better recorded earthquakes from this region and locate the events within each group relative to a master. By so doing, limits can be placed on the maximum depth of seismicity. This was done for two aftershock regions (Ghir and Kangavar) in the Zagros for which teleseismic absolute locations indicate subcrustal activity, but for which local fieldwork indicates shallow crustal seismicity. It became clear that thc much improved locations could be used to supplement information from fault plane solutions, fault traces, satellite photographs and surface ruptures and provide new seismotectonic insight on crustal deformation in aftershock zones. The study was therefore extended to two more aftershock sequences in Iran and two in Turkey; in areas of shallow normal faulting, where focal depths are not in dispute.
The major errors in earthquake locations arise from inadequate station distribution, systematic and random reading errors and bias from an assumed earth model. The first three Aftershocks in Iran and Turkey 21 1 of these are inherent in all bulletin data and can only be removed by installation of local recording networks. The last can be considerably reduced by various methods of relative rather than absolute location. Most methods (e.g. Douglas 1967 ) find a set of station corrections which are added to standard travel times to compensate for disparities between the real transmission paths and paths inferred from the standard earth model; essentially a calibration scheme. Such corrections are statistical in nature and thereby do not provide a physical basis for evaluating the assumption common to all relative location methods; which is that outside the source region the teleseismic paths from nearby events are essentially the same. This has led to previously indiscriminate use of the method over large source regions for which the assumption is not true. This condition will be fulfilled if the ray path to the nearest station is much longer than the largest distance between events. The method used here is a refined version of the one used by Wyss & Brune (1967) , Fukao (1972) and Muirhead (1974) , in which the differences between arrival times of a master and a nearby earthquake are inverted for the relative location and a differential origin time. Trade-offs between the resolution and uncertainty in the relative locations are investigated to ensure that whatever conclusions are drawn from the results are not artifacts of experimental errors, either in the data or in the computation.
One disadvantage of relative locations is that they can only be placed geographically when an a priori position is assumed for the master. This is a drawback in trying to relate an aftershock pattern to surface faulting. A further disadvantage is that the number of arrival times used in the location of a secondary shock is limited by the requirement that the shortest ray paths be long compared with the separation between master and secondary earthquake. Moreover a station can only be used in the location of a secondary earthquake if it recorded the master as well. Consequently the effective station distribution for a relative location will be no better and probably worse than that for the corresponding absolute location. However the increased accuracy gained far outweighs this effect for all but the smallest shocks.
Relocation technique
The basic statement of the problem is given by the equation in Fig. 2
Previous uses of this relationship by Fukao (1972) and Muirhead (1974) have involved picking the solution with the smallest rms residual from a large number of solutions that, taken together, cover the range of possible relative locations. The advantage of this method is that false minima are likely to be discovered if present, and many solutions presented here were checked in this way. However it is computationally expensive and so we adopt least-squares schemes to find the optimum solution directly. Linearization of (1) and the weighting of the relevant equations is discussed by Fitch (1975 Fitch ( , 1977 .
Two kinds of solutions were evaluated; the classical least-squares or maximum likelihood solution (e.g. Bevington 1969 ) and the damped least-squares solution (e.g. Aki & Lee 1976). The damped solution attempts to reduce the effect of small eigenvalues by adding a priori new data (Jackson 1978) and has the effect of decreasing the variance at the expense of the resolution (Wiggins 1972; Crosson 1976) . The presence of small eigenvalues indicates a lack of information in the observed data regarding certain model parameters, and although both solutions will solve for those parameters the basic lack of information should be seen in the relevant row of the resolution matrix in the damped solution (Wiggins 1972; Jackson 1972) , 
where ATii and AToj are differential arrival and origin times respectively Sij = F ( I Ni. Thetai, Polj, Azj) INi and Thetai are the elevation angle and azimuth of the ray path from the master to the ith station (in this paper ray paths are constrained to lie in vertical planes). Poli and Az, are the elevation angle and azimuth of the vector pointing from the master to the jth secondary event. V is in siru compressional or shear velocity (V, or Vs).
which is easily obtainable. The damping used follows Aki & Lee (1976) and a clear comparison of the two methods is given by Crosson (1976) . In the following discussion it is the damped solutions which are presented as they are nearer to the optimal position on the resolution-uncertainty trade-off curve.
Data reduction and discussion of the method
The data used were P and PKP arrival times taken from the ISC bulletin. Obvious misreadings, with large J B residuals, were culled from the dataset. For Iranian earthquakes all WWSSN P phases closer than 30" were reread, which proved beneficial as this included most of the closer stations. In the ISC bulletin some of the arrivals are marked as impulsive and are generally reported to 0.1 s, whereas others are marked as emergent or with no quality indicator, and may only be given to the nearest second. Chi-squared tests of residuals for the Iran-Turkey area show that the standard deviations for these two classes of arrival times are approximately 0.4 and 0.8 s respectively, and in the solution each data point was weighted accordingly. Only data for which the approximation in (1) is valid are included. This is always the case if Li is much smaller than the length of the geometric ray path from source to receiver. However, the relationship is very dependent on the geometrical configuration of the two sources and receiver and so regional stations are not necessarily excluded. The approximation error is estimated according to Fitch (1977) and unsuitable data removed. In two of the sequences studied (Dasht-e-Bayaz and Kamaveh), some of the smaller shocks were relocated without rejecting those stations for which the approximation is not good. This was done to maintain a reasonable station distribution without which the locations would be meaningless. The effect on these locations is probably small and does not appear systematically to displace the smaller shocks from the larger in any direction.
The influence of bad data is reduced by removing stations with relative residuals of more than 1.5 s after the first iteration of the solution. If, on subsequent iterations, these data have become acceptable, they are reincorporated. Physically, a relative residual of more than about 1.5 s implies either a reading error for the master or secondary arrival time, or that the paths from the two sources are not the same. The latter situation may arise where a station is situated near a triplication in the travel-time curve, and a small change in epicentral distance may cause the first arrival to belong to a different travel-time branch. This effect probably accounts for the relative residuals of up to 5 s in the distance range 16-18' seen at Eilat, Jerusalem and Helwan from Ghir in southern Iran, where the first arrival times were reread and unambiguous. If, in this situation, the arrivals from the same branch of the traveltime curve could be identified for both master and secondary events, the method would still be valid.
ISC locations were used as the starting positions for the solutions. Usually convergence to an acceptable solution required no more than four or five iterations. For these starting positions the take-off angles of rays leaving the source were calculated from Herrin tables (for P) and JB tables (for PKP). This is the only stage at which an earth model must be assumed. For rays travelling steeply downward the partial derivative of the relative residual with respect to take-off angle is very small, and only for nearby stations are the paths likely to differ much from those predicted by the model. The size of such a difference can only be guessed, and in the absence of large local velocity gradients its effect is likely to be small. In island arcs, however, much more caution is needed (e.g. Fitch 1977; Fitch & Jackson 1978) . 
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The solutions found have rms relative residuals of about 0.5-0.7 s, whereas the better geographic or absolute locations have rms residuals of 1.25-1 S O s. If the arrival times make up an independent dataset the rms residual for differential time will be larger than the residual for absolute time by a factor of d 2 . Thus the same data appear to be about two or three times more accurate when solving for a relative instead of a geographic location. This comparison shows that travel-time differences between the real and model earth are significantly larger than the errors in reading the times of first arrivals. Station distribution and reading errors are generally common to both techniques, so that probably more than half the error in geographical locations in this region comes from the earth model.
All the locations reported here have standard errors of less than 10 km in any direction for the maximum likelihood solution and less for the damped solution. However, it should be realized that in all earthquake locations such errors represent a fit of the data, not necessarily an error in actual position, which may be poorly resolved or biased by inadequate station distribution.
J. Jackson and T. J. Fitch
The aftershock sequences studied are shown in Fig. 3 .
Results and discussion

G H I R , S O U T H E R N I R A N
The destructive earthquake (mb = 6.1) of 1972 April 10 in the region of Ghir in the folded belt of the Southern Zagros Mountains was a thrust. About 50 teleseismically recorded aftershocks followed the main shock.
The fault plane solution of the main shock (North 1972; Dewey & Grantz 1973) shows almost pure thrusting with planes striking west-north-west to east-south-east and dipping to the north-east and south-west. No reliable depth phases could be detected, although it is probable (Dewey & Grantz 1973 ) that the main shock was shallow. In Table 1 and Fig. 5 the relative focal depths found here have been converted back to absolute depths assuming the reported ISC depth of 11 km for the main shock, which is also the approximate depth to the base of the Infracambrian-Jurassic rocks overlying the shield basement in this region (Stocklin 1968; unpublished data of Morris 1977) .
Relocations are shown in Fig. 4 and indicate, as did the JHD relocations of Dewey & Grantz, a west-north-west to east-north-east trend, parallel to the regional trend of the folding and the strike of the planes in the focal mechanism of the main shock. The activity recorded in the period 1968 January-1973 December shows a number of features not seen by Dewey & Grantz, who relocated only the first month of aftershocks. Most shocks are deeper than the master and lie to the north-east of a line drawn through the master parallel to the seismic trend. These locations favour a north-east dipping plane as the fault plane; deduced by Dewey & Grantz from the distribution of damage in the epicentral region, although not seen in their aftershock distribution. The seismic trend may be on a south-east continuation of the north-east dipping Surmeh Thrust Fault (Dewey & Grantz 1973) , not exposed at the surface in the epicentral region. The trend is not quite parallel to the strike of the fault plane solution, although this probably reflects the lack of constraint in the fault plane solution rather than horizontal refraction of ray paths by lateral heterogeneities.
The earthquakes on this trend apparently extend down to 40-50 km, with two located even deeper (Fig. 5) . Dewey & Grantz (1973) also report locations down to 50 km, however in this and their report these apparently deeper events are, without exception, smaller shocks recorded by relatively few stations with poor azimuthal distribution. Some were considered too bad to be included in the dataset used here, e.g. those relocated at 50 and 51 km (1972 April 10 and 23) by Dewey & Grantz. The resolution matrices for the two shocks with apparent depths greater than 50 km show that Li and hence the relative depth, are poorly resolved in each case ( Fig. 6 and Table 1) .
Runs with synthetic data confirmed that the smaller shocks with poorer station coverage have solutions more dominated by random errors, and are less able to resolve depth from origin time, in accordance with Figs 1 and 6. It is unlikely that any activity was deeper than 45 km, the deepest well-recorded shock being one with 107 recording stations and a focal depth of 40 km.
The temporal and spatial trend of seismicity is also revealing. Dewey & Grantz (197-1) mention the lack of seismicity to the north-west of the main shock in the month following Table I. it. Here it is apparent that the structure continues to the north-west. They also noticed that, following the main shock, seismic activity moved c. 25 km south-east t o the epicentral region of an earlier (1968 September 14) shock of m b = 5.8 with an almost identical focal mechanism, which seems t o be on the same structural feature. The intervening 25 km are seismically quieter (at least as far as the teleseismically detectable events show) suggesting that the tectonic stress was relieved in this area by the initial rupture, which would therefore be about 25 km long -an estimate favoured by Dewey & Grantz (1973) , who suggested 34 km, by comparing the length of known surface breaks with M,. Some caution is needed here as the dataset only includes well-recorded teleseismic events, with a lower magnitude cutoff of about 4.5. The area immediately south-east of the main shock had no large earthquakes in the following 20 months, although microseismic activity could have occurred. North (1972) , considering the entire length of the aftershock zone to be the fault length. calculated the average displacement across the fault to be 7 cm, which would be increased to about 54 cm by the smaller fault length. It is curious that an earthquake of source dimension c.30 km can be accommodated below a sedimentary cover up to 15 km thick without surface faulting. Berberian & Tchalenko (1976) and Berberian (1977) mention other similar examples from the Zagros and suggest that the highly mobile salt horizons at the base of the sedimentary cover mechanically decoupled the overlying structures from those at depth. If the Ghir mainshock occurred near the top of the crystalline basement, the salt may, by its ductility, have prevented any rupture from reaching the surface. A microearthquake survey in 1976 by Savage er af. (1977) does not support this view in that they found activity shallower than 15 km (thought to be the approximate thickness of sediments -see Morris 1977). However the relationship of these microearthquakes to the mainshock is not clear. In the absence of reliable depth phases it is difficult to judge the precision of these focal depths. The nearest station, Shiraz, is too far away (c. 150 km) for the S-P interval to be sensitive to the changes in depth which concern us here. Dewey & Grantz (1973) discuss the evidence supporting a shallow focus for the main shock, and microearthquake fieldwork in 1976 by Savage et al. (1977) in the Ghir region found no activitydeeper than 20km. There is no conclusive evidence for subcrustal seismicity; the larger shocks are all shallower than 40 km, and those reported deeper than this are all relatively small and have their focal depth poorly resolved.
Aftershocks in Iran and
D A S H T -E -B A Y A Z , N O R T H -E A S T I R A N
The Dasht-e-Bayaz earthquake (mb = 6.0) of 1968 August 31, occurred in east-central Iran and was associated with an 80 km fault break showing left-lateral strike-slip offsets. This event was preceeded by a small foreshock, making P onsets difficult to read; so the earthquake chosen as master was the principal aftershock (mb = 5.9), which was a thrust 20 hr after the main shock, with clear impulsive P arrivals at many stations.
Relocations are shown in Fig. 7 and the pattern is located geographically by referring the relative locations to the ISC location for the master which is about 5 km east of Ferdows, a town that received heavy, but very localized damage (Ambraseys & Tchalenko 1969) . A much improved clustering relative to the ISC locations is observed, the width of the eastern part of the seismic zone decreasing from about 35 to 15 km. The seismicity is clearly divided into east and west zones separated by a gap, which is probably real and can be seen in the distribution of microearthquakes recorded in the epicentral region soon after the main shock by Crampin (1969, fig. 8 ). The east-west trend of the eastern zone coincides with the left-lateral surface offsets (Ambraseys & Tchalenko 1969) . Slip in this sense is consistent with a focal mechanism of McKenzie (1972). In fact the trend of the aftershocks coincides rather better with the strike of the fault plane solution, which is tightly constrained, than with the direction of the surface break. In a later section this will also be shown at Gediz in Turkey. Activity, including microshocks (Crampin 1969) , is mainly south of the surface faulting.
Two large aftershocks near Ferdows, the master event of m b = 5.9 and one of m b = 5.4, have thrust mechanisms (McKenzie 1972). One of the nodal planes in each solution has a north-north-west to south-south-east strike and dips steeply towards the west-south-west. Such a trend is confirmed by the western seismic zone, and the thrusting mechanism on a north-west to south-east fault is consistent with an east-west motion in the area. No surface faulting was seen, or looked for, in the Ferdows region following the 1968 shocks, so the existence of north-west to south-east fault can only be surmised (see note added in proof).
In the seismic gap between the east and west zones the regional structure and topography changes from the east-west trend of the eastern zone to a north-west to south-east cornpressional trend (Mohajer-Ashjai, Behzadi & Berberian 1975). In contrast, 4 km south-west of Ferdows, sandstones contain post-Jurassic faults trending south-west to north-east, which show no signs of reactivation (Eftekhar-Nezhad, Haghipour & Davoudzadeh 1968). It is not clear whether the postulated north-west to south-east fault would cross these older south-west to north-east structures. The crossing of older trends by new faulting is not unknown in Iran, and has been surmised below in the Karnaveh region as well as observed in the field for the 1977 Bastan earthquake in the Elburz, where a north-south surface break crosses old east-west structures (Berberian, private communication) . If the western activity is on a south-west dipping thrust, the intersection of the fault plane with the surface may be to the north-east of Ferdows in the Kuh-e-Kalat and Kuh-e-sial range (Fig. 7) . All seismic activity recorded in the epicentral region was shallow (Crampin 1969; McEvilly & Niazi 1975) and no depths greater than 25 km were found here, assuming a depth of 14 km for the master.
An interesting correlation is seen in the timing of the activity in the eastern and western zones. Shocks in the west were all preceeded by ones to the east about 8-20 hr earlier (Fig. 8) . Fig. 8 is complete only for teleseismically recorded earthquakes greater than about mb = 4.5 and so may only be of limited significance, although relatively little energy is released by small shocks. A plausible mechanism to explain this correlation consistent with the geological structure in the region is that the earthquakes represent stress release on the western and southern edges of a westwards moving rigid block, such that stress release on its southern border concentrates stress on the western side.
K A N G A V A R , W E S T E R N I R A N
A 1957-63 strike-slip sequence near Kanavar in the north-west Zagros was relocated by Nowroozi (1972) with focal depths ranging down to 143 km. Many of the shocks were small with poor station distributions and, once these are culled from the dataset, the relocations show an apparent clustering on to a north-west to south-east trend (Fig. 9) . This seismic trend agrees well with the fault plane solutions of McKenzie (1972) and Shirokova (1962) and with active faulting mapped in the area, and follows the surface break of the 1958 August 16 'Nehavand' earthquake of mb = 6.6 (Tchalenko & Braud 1974) . The fault plane solutions show left lateral motion on the north-west to south-east plane, though the overall late Quaternary deformation is right-lateral (Tchalenko & Braud 1974) . The relative locations of the three largest events of magnitude 7.1, 6.6 and 5.8 agree remarkably well with the relative distribution of maximum damage for each shock ( and 1963 March 24 (number 9). The apparent east-west trend of the three largest shocks located by Nowroozi (inset to Fig. 9 ) is therefore probably not real. For the purposes of Fig. 9 the relocation pattern is positioned in space by siting 1963 March 24 over Kangavar, where damage was heavy and localized (Tchalenko & Braud 1974) . The region is not densely populated and this may not be the true absolute position of the 1963 March 24 epicentre.
1957 December 13, which was used as the master, was given a depth of 42 km by the ISS. Recent field evidence (Niazi et al. 1978) suggests that a depth of c . 15 km is more likely, and shows this region to still be very microseismically active. The bigger shocks with good depth resolution have a relative depth range of less than 10 km. There is certainly no evidence for subcrustal activity.
K A R N A V E H , N O R T H E R N I R A N
The Karnaveh earthquake of 1970 July 30 (mb = 6.5) occurred in a structurally complex region of north-east Iran, lying between the north-west to south-east trending Kopeh Dagh and the west-south-west to east-north-east trending Elburz. The area is covered with thick loess and no surface faulting was seen (Ambraseys, Moinfar & Tchalenko 1971) . Only four shocks were big enough to be located in the month following the main shock, although three more have occurred since, including one for which there is a new focal mechanism Aftershocks in Iran and Turkey solution (Fig. 10) . The two northern dilatations in Fig. 10 were read on short-period instruments and the rest on the long period WWSSN records. Although this new solution is not of high quality, it is essentially the same as the very well-controlled solution of McKenzie (private communication) for the main shock, suggesting that the more recent event is on the same structural feature.
The relocations are shown in Fig. 11 and follow a north-north-east to south-south-west trend compatible with left-lateral strike-slip motion on the north-north-east to south-southwest plane of the focal mechanisms. The aftershocks in the first month following the main shock move progressively further south.
There is no north-north-east to south-south-west fault known at the surface in this area and the geological map of Iran (NIOC 1959) shows three small faults oriented west-southwest to east-north-east in the epicentral area. The Karnaveh seismic activity, like that near Ferdows (Fig. 7) , may therefore cross existing geological trends. Both areas are structurally complex and the Karnaveh region in particular may be tectonically much less simple than the surface geology suggests (e.g . Ambraseys er al. 1971 ). An example of cross-cutting seen in the field in Iran has already been mentioned.
1970 July 30 was given a depth of 22 km by the ISC and there is no evidence for deeper activity. The only shock which has well resolved is 1974 March 7, m b = 5.2 (Fig. 11) . This has the same depth as the main shock.
D E M I R C I , W E S T E R N T U R K E Y
The 1969 sequence near Demirci in western Turkey was unlike those dealt with so far in that it contained a number of shocks of m b greater than 5.0 in a source region only about 20 km across. McKenzie's (1972 focal mechanisms for three of these, and for another in the same source region a year later, all show normal faulting with an east-west strike (Fig. 12 ), in agreement with the trend of a large escarpment seen on the Landsut photograph (McKenzie 1978, fig. 1 l(b) ) which suggests downthrow t o the north although no surface break was seen in the area (Ambraseys & Tchalenko 1972) . Six days after the start of the Demirci sequence a large shock of mb = 6.1 occurred about 6 0 km south of Demirci near Alasehir, and was associated with at least 30 km of normal faulting downthrown to the north, on an east-west trend also visible in the satellite photograph (Allen 1975) . This earthquake had a moment an order of magnitude greater than the largest at Demirci (North 1973) and a conspicuous lack of nearby aftershocks, although destructive activity continued in the Demirci region. Relocations are shown in Fig. 12 and show the east-west trend of the bigger shocks.
There is a small subgroup, which includes number 19, to the north of the main group. This may indicate activity on a fault on the north side of the Simav valley (see McKenzie 1978, fig. 1 l(b) ) or alternatively could be further north and deeper on the same fault as the main group. There is evidence (see McKenzie 1978) for some normal faults flattening at depth while being steep at the surface. Number 21 is a little south of the main group with a more north-easterly strike to the north dipping plane. Dewey (1976) interprets the aftershock distribution as a north-west to south-east trend. Although the source region is small, making the trend hard to resolve, the east-west fault visible in the satellite photograph and the strike of the fault plane solutions support the east-west direction suggested here. However, it should be noted that such reasoning in this part of Turkey must be tentative (see Cediz, Section 4.6). Relative depths are all within 15 km of the master, which has a computed depth of 9 km (ISC). This sequence illustrates how the resolution of small vector separations between the master and a secondary event is limited by the quality of the arrival times. Number 16 is so close to the main shock that its azimuth and polar angle are not well resolved. This is seen in Fig. 13 which is a plot of rms residual for the solution in polar angle-azimuth space. Although it is clear that the shock is within about 3 km of the master its exact position is not well resolved, although it is probably to the north-east. This is not a limitation of the location technique but rather of the data. Teleseismic P arrivals are read to at best 0.1 s and often to only 1 s with any accuracy. Errors in reading the onsets are probably at least of this magnitude, so that a station at teleseismic distances is not sensitive to shifts in hypocentre position of the order of 0.5-1 .O times the P velocity (in km/s) in the source region.
Aftershocks in Iran and
The ultimate resolution of teleseismic locations is thus restricted by the precision to which arrival times can be reliably read, and within about 5 km the detail will be dominated by random errors. This was demonstrated by calculating synthetic data rounded off to 0.1 s for number 16 at a position 3 km north-east of the master, adding random errors of up to about 1.0 s, and calculating the rms residual for solutions restricted to three dimensional directions round the master. Ten-degree intervals of polar angle and 2' of azimuth were taken, and for these directions the best length is found and the rms residual plotted in polar angle-azimuth space (Fig. 13) . The minimum in Fig. 13(a) is very broad and shallow compared with that of the well-resolved shock in Fig. 13(b) .
G E D I Z , W E S T E R N T U R K E Y
The earthquake of 1970 March 28 in the Gediz region was associated with a complicated pattern of ground ruptures (Tasdemiroglu 1971 , Ambraseys & Tchalenko 1972 ) striking predominantly north-south and east-west and downthrown to the north and east. A large number of big aftershocks followed, 53 of them having over 30 stations in their relocations, and show a broad although diffuse north-west to south-east trend parallel to the strike of the fault plane solution for the main shock (Fig. 14) . Of these aftershocks the bigger ones (> 70 stations in the relocation) show a much tighter linear trend (Fig. 15) . Macroseismic damage was widespread although concentrated to the north and north-east of the ground fractures in the downthrown block. There is no clear indication of where to place the relocation pattern in space and Fig. 15 is drawn assuming the ISC location for the main shock. Dewey (1976) suggests that the absolute locations in this region are systematically displaced northwards up to 16 km.
The locations in Fig. 15 show a north-west t o south-east trend noticed by Dewey (1976) who relocated 11 aftershocks in the first month after the main shock. The simplicity of this trend may be an illusion, as the ground ruptures suggest deformation more complicated than This more easterly strike is similar to that at Demirci, discussed in the previous section.
McKenzie (1978) suggests that normal faults in this region flatten with depth because the dip of the surface break is considerably more than the well-controlled dip of the fault plane solution for the main shock, which is displaced c . 20 km north-east of the surface break. In the light of this hypothesis it is interesting to note that within the group south-east of the main shock, numbers 13 and 22 are shallower (1 1 and 8 km assuming 18 km for the master) with more steeply dipping north-east planes (66 and 5 5 ' ) than 12 which is at 23 km with a dip of 31". These three shocks have all their parameters well resolved (Table 2) . Although the main shock and number 2 have different dips their relative position is not well resolved (Table 2) as they are too close; the same problem as for number 3 in Fig. 12 . Number 23 is anomalous, occurring north-east of the north-west to south-east trend and two years after the main shock.
The seismicity of this region is probably more complicated than the apparent north-west to south-east trend shows, and is affected to an unknown, probably large, extent .by the regional geological structure which may not be of an orientation favourable to the extension occurring in the area . Ambraseys & Tchalenko (1972) think it likely that substantial rapid creep followed the main shock, so that the fault displacements measured in the field may not be attributed solely to that event. The trend of larger aftershocks in Fig. 15 is in good agreement with the fault plane solution for the main shock. Although the strike of the north-east dipping plane is not well controlled it can only be drawn more north-south than in Fig. 15 and is therefore unlike those in the later aftershocks. It is tempting to suggest that the surface faulting is a secondary feature associated with a primary buried fault striking north-west to south-east. This has been suggested for other earthquakes; e.g. the Fairview Peak, Nevada earthquake of 1954 (Savage & Hastie 1966) . The smaller shocks of which the better located are shown in Fig. 14 are certainly more diffuse than the north-west to south-east trend, and may represent internal deformation in the blocks either side of a main buried fault.
Conclusions
There is no evidence for subcrustal seismic activity in the six major aftershock sequences studied here. The inversion technique shows that the apparently deeper shocks, which are all small, have their depths poorly resolved. Lateral heterogeneity and poor earth models probably account for about half the uncertainty in absolute locations, and this uncertainty may be substantially removed by relative locations. Other sources of error, such as poor station distributions and the incorrect reading of arrival times remain in the data, and for smaller events may significantly influence and bias the solution.
The ultimate resolution of relative teleseismic locations is restricted by the remaining 0.5-0.7 rms residual values found here. These cause an uncertainty in position of about 5 km, as shown in the Demirci sequence, Fig. 12 . Most of this error probably results from the precision to which teleseismic arrivals can be read. There is thus a limit to the tectonic and structural detail obtainable from such locations, although the improvements made possible by relative locations are considerable.
This study shows that careful relative relocations using teleseismic data may usefully supplement other available data on crustal deformation and help considerably in tectonic interpretations of aftershock zones. Teleseismic locations are inherently inaccurate because of reading errors and non-ideal station distributions, so that many of the interpretations are presented here with caution. Much seismotectonic detail is only hinted at by the relocations and could only be properly resolved by local fieldwork. Precision of the locations increases with the size of the earthquake, not only because more recording stations are used, but also because the uncertainties in reading the arrival times of large impulsive onsets are relatively small. For this reason more weight should be attached to the large shocks when inferring tectonic structure from earthquake locations.
Tectonic interpretations of large earthquakes and their aftershock sequences should not be based on associated surface faulting alone, nor on what might be expected from regional geological structure. Linear seismic trends are seen to cross-cut surface geological features (e.g. Ferdows, Karnaveh) and may not be simply related to surface faulting (e.g. Gediz). Structural and deformational features seen at the surface may be secondary, and do not appear to be reliable guides to the behaviour of primary buried faults, on which this seismicity might be occurring.
